We perform a systematic study of the possible loosely bound states composed of two charmed baryons or a charmed baryon and an anti-charmed baryon within the framework of the one boson exchange (OBE) model. We consider not only the π exchange but also the η, ρ, ω, φ and σ exchanges. The S − D mixing effects for the spin-triplets are also taken into account. With the derived effective potentials, we calculate the binding energies and root-mean-square (RMS) radii for the systems ΛcΛc(Λc), ΞcΞc(Ξc), ΣcΣc(Σc), Ξ 
I. INTRODUCTION
Many so-called "XYZ" charmonium-like states such as X(3872), X(4350) and Y (3940) have been observed by Belle, CDF, D0 and BaBar collaborations [1] [2] [3] [4] during the past few years. Despite the similar production mechanism, some of these structures do not easily fit into the conventional charmonium spectrum, which implies other interpretations such as hybrid mesons, heavy meson molecular states etc. might be responsible for these new states [5] [6] .
A natural idea is that some of the "XYZ" states near two heavy meson threshold may be bound states of a pair of heavy meson and anti-heavy meson. Actually, Rujula et al. applied this idea to explain ψ(4040) as a P-wave D * D * bound resonance in the 1970s [7] . Tornqvist performed an intensive study of the possible deuteron-like twocharm-meson bound states with the one-pion-exchange (OPE) potential model in Ref. [8] . Recently, motivated by the controversy over the nature of X(3872) and Z(4430), some authors proposed X(3872) might be a DD * bound state [9] [10] [11] [12] [13] . Our group have studied the possible molecular structures composed of a pair of heavy mesons in the framework of the One-Boson-Exchange (OBE) model systematically [14, 15] . There are also many interesting investigations of other hadron clusters [16] [17] [18] [19] [20] [21] .
The boson exchange models are very successful to describe nuclear force [22] [23] [24] . Especially the deuteron is a loosely bound state of proton and neutron, which may be regarded as a hadronic molecular state. One may wonder whether a pair of heavy baryons can form a deuteron-like bound state through the light meson exchange mechanism. On the other hand, the large masses of the heavy baryons reduce the kinetic of the systems, which makes it easier to form bound states. Such a system is approximately non-relativistic. Therefore, it is very interesting to study whether the OBE interactions are strong enough to bind the two heavy baryons (dibaryon) or a heavy baryon and an anti-baryon (baryonium).
A heavy charmed baryon contains a charm quark and two light quarks. The two light quarks form a diquark. Heavy charmed baryons can be categorized by the flavor wave function of the diquark, which form a symmetric 6 or an antisymmetric3 representation. For the ground heavy baryon, the spin of the diquark is either 0 or 1, and the spin of the baryon is either 1/2 or 3/2. The product of the diquark flavor and spin wave functions of the ground charmed baryon must be symmetric and correlate with each other. Thus the spin of the sextet diquark is 1 while the spin of the anti-triplet diquark is 0.
The ground charmed baryons are grouped into one antitrpilet with spin-1/2 and two sextets with spin-1/2 and spin-3/2 respectively. These multiplets are usually denoted as B3, B 6 and B bound molecular state.
This work is organized as follows. We present the formalism in section II. In section III, we discuss the extraction of the coupling constants between the heavy baryons and light mesons and give the numerical results in Section IV. The last section is a brief summary. Some useful formula and figures are listed in appendix.
II. FORMALISM
In this section we will construct the wave functions and derive the effective potentials.
A. Wave Functions
As illustrated in Fig. 1 , the states Λ The wave function of a dibaryon is the product of its isospin, spatial and spin wave functions,
We consider the isospin function Ψ In the following, we show the relevant isospin functions used in our calculation,
We are mainly interested in the ground states of dibaryons and baryonia where the spatial wave functions of these states are symmetric. The tensor force in the effective potentials mixes the S and D waves. Thus a physical ground state is actually a superposition of the S and D waves. This mixture fortunately does not affect the symmetries of the spatial wave functions. As a mater of fact, for a dibaryon with a specific total spin J, we must add the spins of its components to form S first and then couple S and the relative orbit angular momentum L together to get J = L + S. This L − S coupling scheme leads to six S and D wave states:
But the tenser force only mixes states with the same S and J. In our case we must deal with the 3 S 1 -3 D 1 mixing. After stripping off the isospin function, the mixed wave function is
which will lead to coupled channel Schrödinger equations for the radial functions R S (r) and R D (r). In short, for the spatial wave functions, we will discuss the ground states in 1 S 0 and 3 S 1 , and the latter mixes with 3 D 1 . Finally, we point out that the I and S of states in Eq. (1) can not be combined arbitrarily because the generalized identity principle constricts the wave functions to be antisymmetric. It turns out that the survived compositions are Ψ
There are thirty-three unknown coupling constants in the above Lagrangains, which will be determined in Sec. III.
C. Effective Potentials
To obtain the effective potentials, we calculate the T matrices of the scattering processes such as Fig. 2 in momentum space. Expanding the T matrices with external momenta to the leading order, one gets [26] 
where F (Q) is the form factor, with which the divergency in the above integral is controlled, and the non-point-like hadronic structures attached to each vertex are roughly taken into account. Here we choose the monopole form factor
with Q = {Q 0 , Q} and the cutoff Λ. Generally speaking, a potential derived from the scattering T matrix consists of the central term, spin-spin interaction term, orbit-spin interaction term and tenser force term, i.e.,
where S 12 (r) is the tensor force operator, S 12 (r) = 3(σ 1 ·r)(σ 2 ·r) − σ 1 · σ 2 . The effective potential of a specific channel, for example Λ c Λ c → Λ c Λ c shown in Fig. 2 , may contain contributions from the pseudoscalar, vector and scalar meson exchanges. We need work them out one by one and add them. The potentials with the stripped isospin factors from the pseudoscalar, vector and scalar (σ here) meson exchange are
where α = π, η, β = ρ, ω, φ and
The definitions of functions H 0 , H 1 , H 2 and H 3 are given in the appendix. From Eq. (18), one can see the tensor force terms and spin-spin terms are from the pseudoscalar and vector meson exchanges while the central and obit-spin terms are from the vector and scalar meson exchanges. Finally the effective potential of the state hh is
where C Table I . Given the effective potential V hh , the potential for hh, V hh , can be obtained using the "G-Parity rule", which states that the amplitude (or the effective potential) of the process AĀ → AĀ with one light meson exchange is related to that of the process AA → AA by multiplying the latter by a factor (−) IG , where (−) IG is the G-Parity of the exchanged light meson [27] . The expression of V hh is the same as Eq. (20) but with V a (r; α, h), V b (r; β, h) and
For example,
since the G-Parity of ω is negative. In other words, we can still use the right hand side of Eq. (20) to calculate V hh but with the redefined isospin factors
which are listed in Table I too.
The treatments of operators σ 1 · σ 2 , L · S and S 12 (r) are straightforward. For
which lead to single channel Shrödinger equations. But for 3 S 1 , because of mixing with 3 D 1 , the above operators should be represented in the
These representations lead to the coupled channel Shrödinger equations.
III. COUPLING CONSTANTS
It is difficult to extract the coupling constants in the Lagrangians experimentally. We may estimate them using the well-known nucleon-meson coupling constants as inputs with the help of the quark model. The details of this method are provided in Ref. [28] . The one-boson exchange Lagrangian at the quark level is
where g πqq , g ηqq , . . ., g σqq are the coupling constants of the light mesons and quarks. The vector meson terms in this Lagrangian do not contain the anomalous magnetic moment part because the constituent quarks are treated as point-like particles. At the hadronic level, for instance, the nucleon-nucleon-meson interaction Lagrangian reads
where g πN N , g ηN N , . . ., g σN N are the coupling constants. We calculate the matrix elements for a specific process both at quark and hadronic levels and then match them. In this way, we get relations between the two sets of coupling constants,
From these relations, we can see that g ωN N and f ωN N are not independent. So are g ρN N and f ρN N . The constituent quark mass is about one third of the nucleon mass. Thus we have f ωN N ≈ 0 and f ρN N ≈ 4g ρN N .
With the same prescription, we can obtain similar relations for heavy charmed baryons which are collected in the appendix. Substituting the coupling constants at the quark level with those from Eq. (28), we have
where we have used m N ≈ 3m q . The couplings of φ and heavy charmed baryons can not be derived directly from the results for nucleons. So in the right hand side of Eq. (34), we use the couplings of ρ and nucleons. The above formula relate the unknown coupling constants for heavy charmed baryons to g πN N , g ηN N , etc. which can be determined by fitting to experimental data. We choose the values g πN N = 13.07, g ηN N = 2.242, g σN N = 8.46, g ωN N = 15.85, f ωN N /g ωN N = 0, g ρN N = 3.25 and f ρN N /g ρN N = 6.1 from Refs. [22, 23, 29] as inputs. In Table II , we list the numerical results of the coupling constants of the heavy charmed baryons and light mesons. One notices that the vector meson couplings for Ξ c Ξ c and Λ c Λ c have opposite signs. They almost cancel out and do not contribute to the tensor terms for spin-triplets. Thus in the following numerical analysis, we omit the tensor forces of the spin-triplets in the Ξ c Ξ c and Λ c Λ c systems. 
IV. NUMERICAL RESULTS
With the effective potentials and the coupling constants derived in the previous sections, one can calculate the binding energies and root-mean-square (RMS) radii for every possible molecular state numerically. Here we adopt the program FESSDE which is a FORTRAN routine to solve problems of multi-channel coupled ordinary differential equations [30] . Besides the coupling constants in Table II , we also need heavy charmed baryon masses listed in Table III as inputs. The typical value of this cutoff parameter for the deuteron is 1.2 ∼ 1.5 GeV [22] . In our case, the cutoff parameter Λ is taken in the region 0.80 ∼ 2.00 GeV. Such a region is broad and reasonable enough to give us a clear picture of the possibility of the heavy baryon molecules. 
A. ΛcΛc and ΞcΞc systems
The total effective potential of Λ c Λ c arises from the σ and ω exchanges. We plot it with Λ = 0.9 GeV in Fig. 3 (a) , from which we can see that the ω exchange is repulsive while the σ exchange is attractive. Because of the cancellation, the total potential is too shallow to bind two Λ c s. In fact, we fail to find any bound solutions of Ψ [0, 1] ΛcΛc even if one takes the deepest potential with Λ = 0.9 GeV. In other words, the loosely bound Λ c Λ c molecular state does not exist, which is the heavy analogue of the famous H dibaryon [32] [33] [34] [35] to some extent.
For the Λ cΛc system as shown in Fig. 3 (b) , both σ and ω exchanges are attractive. They enhance each other and lead to a very strong total interaction. From our results listed in Table IV , the binding energies of the Λ cΛc system could be rather large. For example, when we increase the cutoff to Λ = 1.10 GeV, the corresponding binding energy is 142.19 MeV. The binding energies and RMS radii of this system are very sensitive to the cutoff, which seems to be a general feature of the systems composed of one hadron and anti-hadron. ΞcΞc . For Ψ [1, 1] ΞcΞc , the attraction arises from the σ exchange. Because of the repulsion provided by the φ, ρ and ω exchange in short range, the total potential has a shallow well at r ≈ 0.2 fm. However, the φ exchange almost does not contribute to the potential of Ψ [0, 3] ΞcΞc and the ρ exchange is attractive which cancels the repulsion of the σ exchange. The total potential is about two times deeper than the total potential of Ψ [1, 1] ΞcΞc . In Table IV , one notices that the binding energy is only hundreds of keV for Ψ [1, 1] ΞcΞc when the cutoff varies from 1.01 GeV to 1.20 GeV. Moreover the RMS radius of this bound state is very large. So the state Ψ As for the Ξ cΞc systems, the potentials are very deep. The contribution from the φ exchange is negligible too, as shown in Fig. 3 (e) and (f). We find four bound state solutions for these systems: Ψ For the Σ c Σ c system, all the π, η, σ, ω and ρ exchanges contribute to the total potential. We give the variation of the potentials with r in Figs. 4 (a) and (b) . For Ψ [0, 1] ΣcΣc , the potential of the ω exchange and ρ exchange almost cancel out, and the η exchange gives very small contribution. So the total potential of this state mainly comes from the π and σ exchanges which account for the long and medium range attraction respectively. There may exist a bound state Ψ [0, 1] ΣcΣc , see Table V . But for the other spin-singlet, Ψ [2, 1] ΣcΣc , the σ exchange provides only as small as 0.2 GeV attraction while the ω and ρ exchanges give strong repulsions in short range r < 0.6 fm. We have not found any bound solutions for Ψ [2, 1] ΣcΣc as shown in Table V 
FIG. 4: Potentials of ΨΣ
, ΨΩ cΩc and Ψ ΩcΩc . There exist bound state solutions for all six states of the Σ cΣc system. The potentials of the three spin-singlets are plotted in Figs. 4 (c)-(e) . The attraction that binds the baryonium mainly comes from the ρ and ω exchanges. These contributions are of relatively short range at region r < 0.6 fm. One may wonder whether the annihilation of the heavy baryon and anti-baryon might play a role here. Thus the numerical results for Σ cΣc with strong short-range attractions should be taken with caution. This feature differs from the dibaryon systems greatly.
In Table VI , for comparison, we also present the numerical results with the π exchange only. It's very interesting to investigate whether the long-range one-pion-exchange potential (OPE) alone is strong enough to bind the baryonia and form loosely bound molecular states. There do not exist bound states solutions for Ψ . We notice that the S − D mixing effect for the spin-triplets mentioned above is stronger than that for the Σ c Σ c system. 
is the most interesting one. As shown in Fig. 4 (f) , the η exchange does not contribute to the total potential. The π exchange is repulsive. So the dominant contributions are from the σ, ω, ρ and φ exchanges, which lead to a deep well around r = 0.6 fm and a loosely bound state. When we increase the cutoff from 1.50 GeV to 1.90 GeV, the binding energy of Ψ Table VIII .
The Ω c Ω c (Ω c ) case is quite simple. Only the η, σ and φ exchanges contribute to the total potentials. The shape of the potential of Ψ [0, 1] ΩcΩc is similar to that of Ψ
. The binding energy of this state is very small. For the spin-triplet Ω cΩc system, its S wave percentage is more than 99%. In other words, the S − D mixing effect is tiny for this system.
We give a brief comparison of our results with those of Refs. [36, 37] in Table X . In Ref. [36] , Fröemel et al. deduced the potentials of nucleon-hyperon and hyperon-hyperon by scaling the potentials of nucleon-nucleon. With [36] . The unit is MeV. "-" means there is no bound state and "*" represents exiting unrealistic deeply bindings (1 ∼ 10 GeV).
V. CONCLUSIONS
The one boson exchange model is very successful in the description of the deuteron, which may be regarded as a loosely bound molecular system of the neutron and proton. It's very interesting to extend the same framework to investigate the possible molecular states composed of a pair of heavy baryons. With heavier mass and reduced kinetic energy, such a system is non-relativistic. We expect the OBE framework also works in the study of the heavy dibaryon system.
On the other hand, one should be cautious when extending the OBE framework to study the heavy baryonium system. The difficulty lies in the lack of reliable knowledge of the short-range interaction due to the heavy baryon and anti-baryon annihilation. However, there may exist a loosely bound heavy baryonium state when one turns off the short-range interaction and considers only the long-range one-pion-exchange potential. Such a case is particularly interesting. This long-range OPE attraction may lead to a bump, cusp or some enhancement structure in the heavy baryon and anti-baryon invariant mass spectrum when they are produced in the e + e− annihilation or B decay process etc.
In this work, we have discussed the possible existence of the
and Ω c Ω c (Ω c ) molecular states. We consider both the long range contributions from the pseudo-scalar meson exchanges and the short and medium range contributions from the vector and scalar meson exchanges.
Within our formalism, the heavy analogue of the H dibaryon Ψ ΣcΣc and Ψ [1, 3] ΣcΣc only. For the Σ cΣc system, the ω and ρ exchanges are crucial to form the bound states Ψ [40] . The binding energy and RMS radius of Ψ
is quite close to those of the deuteron. In contrast, the state Ψ [1, 1] ΞcΞc is much more loosely bound. Its binding energy is only a tenth of that of deuteron.
However, the binding mechanisms for the deuteron and the above four bound states are very different. For the deuteron, the attraction is from the π and vector exchanges. But for these four states, the π exchange contribution is very small. Either the σ (for Ξ c Ξ c ) or vector meson (for Ξ [41] . BaBar collaboration also studied the correlated leading Λ cΛc production [42] . Our investigation indicates there does exist strong attraction through the σ and ω exchange in the Λ cΛc channel, which mimics the correlated two-pion and three-pion exchange to some extent.
Recently, ALICE collaboration observed the production of nuclei and antinuclei in pp collisions at LHC [43] . A significant number of light nuclei and antinuclei such as (anti)deuterons, (anti)tritons, (anti)Helium3 and possibly (anti)hypertritons with high statistics of over 350 M events were produced. Hopefully the heavy dibaryon and heavy baryon and anti-baryon pair may also be produced at LHC. The heavy baryon and anti-baryon pair may also be studied at other facilities such as PANDA, J-Parc and Super-B factories in the future. 
